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Abstract
Background: We sought to quantify CTP-derived infarct core applying previously published perfusion thresholds to
multi-institutional CTP data to assess the margin of error for 25 mL and 70 mL critical volume thresholds using early
DWI as a reference standard.
Methods: 60 patients with acute ischemic stroke undergoing CTP and DWI within 6 and 24 h of symptom onset,
respectively, were retrospectively analyzed from 3 tertiary care centers. CTP-derived infarct core was calculated
using published thresholds for absolute and relative CBF and CBV in addition to manual CBV tracing. Using DWI as
the reference standard, performance of CTP-derived measures of infarct core was assessed using co-registered
voxel-by-voxel analysis and total infarct volume comparison. Volumes of each CTP infarct core estimate were
compared against DWI to determine the degree of infarct core over or underestimation at the critical volumes of
25 mL and 70 mL.
Results: Median core infarct volume was 10.8 mL. Mean CTP-derived infarct core volumes were similar to DWI for
all CTP threshold methods to within ± 1 mL. CBV tracing demonstrated an overall significant core overestimation
compared to DWI (p = 0.017). All CTP core volume estimations showed robust correlation with DWI (Pearson p-
value < 0.001). As core volume increased, CTP demonstrated increased deviation from DWI. At the critical cut-offs of
25 mL and 70 mL, relative CBF demonstrated the best agreement with DWI for infarct core compared to the other
CTP-derived measures of infarct core.
Conclusion: Our study demonstrates close approximation between multiple CTP-derived measures of infarct core
and DWI infarct volume, Especially relative CBF.
Background
There is a continued interest in physiological imaging to
select patients for reperfusion therapies in acute ische-
mic stroke (AIS) [1]. DWI is considered the reference
standard for identifying permanently infarcted brain tis-
sue while CTP is an alternative, although hotly debated
surrogate [2–6]. Identification of potentially salvageable
brain tissue facilitates a more personalized approach to
thrombolytic therapy administration [1] and could im-
prove outcomes beyond the traditional 4.5 h time win-
dow [7].
Infarct core volume is an increasingly important deter-
minant in success of reperfusion therapy. A planimetric-
ally measured core infarct volume of 70 mL is
considered a critical upper limit above which poor out-
come is experienced, despite high recanalization rates
[8–11]. Additionally, a core infarct volume of ≤25 mL
recently demonstrates very high rates of good outcomes
with recanalization [12]. Accuracy of acute infarct core
volume estimation is clinically important especially given
recent studies demonstrating a degree infarct core vol-
ume overestimation using CTP compared to MR perfu-
sion (MRP) and DWI within 1 h of CTP [1, 13]. There is
ongoing debate over the validity of CTP to identify in-
farct core and while no clear consensus exists on the op-
timal parameter most predictive of tissue viability and
outcome, CBF thresholds appear most promising [4, 5,
14–16]. Acknowledging that CTP processing methods
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are affected by many technical challenges such as
threshold value used, type of CTP processing software
and post-processing protocols [4, 5, 15, 17] a pragmatic
argument could be made that the correlation between
CTP and DWI core infarct determination need only be
accurate enough to distinguish critical lesion volume
thresholds such as 25 and 70 mL [15]. CTP utilization
remains attractive because of widespread CT availability
in the acute clinical setting especially in non-tertiary
hospitals. We sought to quantify CTP-derived infarct
core applying previously published perfusion thresholds
to multi-institutional CTP data [18] to assess the margin
of error for 25 mL and 70 mL critical volume thresholds
using early DWI as a reference standard.
Methods
Study design and patient cohort
This retrospective study was approved by the local insti-
tutional research ethics board. Stroke patients were col-
lected from the databases of three separate institutions
between 2008 and 2010. Patients presenting with AIS
who underwent NCCT and CTP within six hours of
stroke symptom onset and acute DWI <24 h of presen-
tation were included in the study. CT angiography was
performed at a median of 24 ± 4 h after stroke onset to
classify recanalization status.63 patients were identified.
Three (3/63, 5 %) were excluded as the infarct core on
DWI was beyond CTP coverage. Baseline characteristics
including age, gender, NIHSS and 90-day mRS were
recorded.
Scan protocol
Multicenter stroke imaging was obtained with a 64-slice
CT scanner (8*5 mm), 16-slice and 64-slice scanners
(single 4*5 mm acquisition or 2 contiguous acquisitions
of 4*5 mm). Follow-up DWI was obtained with 1.5 T at
all institutions (7000 ms/min [repetition time (TR)/echo
time (TE)], field of view [FOV] of 24 cm, matrix
128*128, section thickness (ST) of 5 mm, no gap;
5000 ms/min [TR/TE], FOV of 13 cm, matrix 128*128,
ST of 5 mm, 1.5 mm gap; 6000 ms/107 min [TR/TE],
FOV of 40 cm, matrix 128*128/256*256, 1 mm gap).
CTA angiogram was performed at baseline with parame-
ters: aortic arch to the vertex, 0.7-mL/kg iodinated con-
trast agent up to a maximum of 90 mL (iohexol,
Omnipaque 300 mg iodine/mL; GE Healthcare, Piscat-
away, New Jersey), 5- to 10- second delay, 120 kVp,
270 mA, 1 s/rotation, 1.25-mm-thick sections, and table
speed of 3.7 mm/rotation. CTP was performed locally as
a biphasic examination [45 s acquisition, 0.5 s intervals,
8 slices followed by 120 s acquisition, 15 s intervals, 8
slices] [19]. Other CTP acquisition were performed as
45-75 s acquisition, 1.3 s intervals, 2*2 slices and 50-70s
acquisition, 1-2 s intervals [4, 20]. In all cases 40-50 mL
of iodinated contrast was injected at 4–5 mL/s.
Imaging processing
Analysis of all CTP studies was performed using CT
Perfusion 4 software (GE Healthcare). Gaussian smooth-
ing using a kernel width of 4 pixels was applied to the
processed maps (Fig. 1) [1, 4]. Using Statistical Paramet-
ric Mapping (SPM8, Wellcome Trust Centre, United
Kingdom), CTP and DWI maps were coregistered using
tri-linear interpolation to baseline NCCT. Grey and
white matter NCCT segmentation was additionally per-
formed using SPM8.
Imaging analysis
To identify infarct core on CTP, previously validated
gray and white matter specific absolute and relative
voxel-intensity thresholds (relative CBF threshold
(relCBF), relative CBV threshold (relCBV), absolute CBF
threshold (AbsCBF), absolute CBV threshold (AbsCBV);
Table 1) were applied to CBF and CBV maps respect-
ively with upper thresholds of <100 mL/100 g/min and
<8 mL/100 g respectively to eliminate vasculature [18].
To compare visual CBV abnormality tracing compared
to thresholded measures to identify infarct core an expe-
rienced neuroradiologist (XX, 10 years), blinded to DWI,
manually traced areas of CBV abnormality (designated
CBV tracing) using Medical Image Processing, Analysis,
and Visualization (MIPAV; version: 7.0.2, National Insti-
tutes of Health, Bethesda, MD). Voxel-by-voxel compari-
son of the 5 generated CTP measures of infarct core was
made to determine performance of each measure against
the DWI reference standard utilizing MATLAB (version:
2012b, The MathWorks, Inc., Natick, MA). Finally, the
volume of each CTP core estimate was compared against
DWI to determine the degree of infarct core over or
underestimation.
Statistical analysis
All analyses were performed using SPSS (Version 17.0.
SPSS Inc., Chicago, IL). Descriptive results and quantita-
tive baseline patient characteristics were reported as
mean ± SD or median (IQR). Sensitivity and specificity
were calculated for each patient for all CTP techniques
and compared to DWI. Paired Student’s t-test or Wil-
coxon signed-rank test compared parametric and non-
parametric data respectively. Mean differences between
CTP predicted infarct core and DWI infarct core vol-
umes were compared. A correlation matrix using Pear-
son’s R test was performed for volumetric measures of
infarct core between predicted and DWI infarct core
volumes. A volumetric agreement comparison (Bland-
Altman) between CTP parameters and DWI for infarct
core was performed for each patient. To account for the
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potential of recanalization between onset and DWI,
DWI/CTP differences were initially compared after di-
chotomizing by recanalization status. Patients were sub-
divided by time interval between CTP and DWI into
acute (≤4 h) and subacute (>4 h) groups. A 4-h mark
was chosen because this represents the upper time limit
in our institution within the clinically significant thera-
peutic window for assessing an AIS patient while retain-
ing sufficient time to still administer reperfusion
therapy. Mean sensitivity and specificity were compared
between acute and delayed group patients. Within each
CTP technique, a volumetric comparison of infarct core
between the acute and delayed patients was performed.
Differences between predicted and actual infarct core
volumes were calculated. Furthermore, patients were
partitioned according to CTP scan acquisition time
(<60s or ≥60s) to study the artificial reduction of CBV
due to venous time density curve (TDC) truncation [15].
Lastly, cases with CTP infarct core estimation >70 mL,
but DWI <70 mL (overestimation), and cases with CTP
<70 mL, but DWI >70 mL (underestimation) were noted
and used as a critical value for Cohen's kappa inter-
modality agreement [8, 9]. The same inter-modality
agreement was also assessed using a critical infarct vol-
ume of 25 mL [12]. Kappa statistics of 0.21 to 0.4, 0.41
to 0.6, 0.61 to 0.8, and 0.81 to 1 were considered fair,
moderate, substantial, and nearly perfect, respectively
[21]. A value of p < 0.05 was considered statistically
significant.
Results
Mean patient age was 67.6 ± 13.3 and 33 % (20/60) were
male. Median time from stroke symptom onset to CTP
was 2.5 (IQR 1.6-3.8) hours while median time to DWI
was 3.9 (IQR 1.12-15.3) hours. Recanalization occurred
in 38 (63 %) of patients. Median baseline NIHSS and 90-
day mRS was 16 (IQR 9–19), and 3.5 (IQR 2–5) respect-
ively. Median core infarct volume was 10.8 mL (IQR 6.8-
41.5). Figure 1 illustrates an example of the calculation
of CTP performance for DWI infarct core. Mean sensi-
tivity, specificity, and accuracy for each CTP parameter
are demonstrated in Table 2. A comparison of DWI- and
CTP-derived infarct core volume estimations and volu-
metric differences is presented in Table 3. CBV tracing
demonstrated a significant core overestimation of
6.8 mL compared to DWI (p = 0.017), while CTP thresh-
old parameters demonstrated insignificant differences
(<1 mL) in comparison to DWI. All CTP core volume
estimations showed robust correlation with DWI (p <
0.001). Bland-Altman plots demonstrating CTP-DWI
volume difference for each CTP parameter are shown in
Fig. 2. Mean volumetric 95 % confidence interval differ-
ences were: −48.7 - 48.5 mL (absCBF), −45.9 – 46.9 mL
Fig. 1 A comparison of computed tomography perfusion (CTP) parameters. a Diffusion-weighted imaging (DWI) in identifying a right-sided infarct
core. b CBV tracing, (c) absolute CBF threshold, (d) absolute CBV threshold, (e) relative CBF threshold, (f) relative CBV threshold vs. Shaded areas
correspond to true-positive (green), false-positive (yellow), false-negative (purple), and true-negative (red) voxels
Table 1 Threshold values used to determine infarct core in grey
matter (GM) and white matter (WM) for each CTP technique
[18]
Core volume definition
Threshold technique AbsCBF AbsCBV rCBF rCBV
Gray Matter (GM) ≤13.80 ≤1.31 ≤0.42 ≤0.89
White Matter (WM) ≤9.80 ≤0.85 ≤0.56 ≤0.81
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(absCBV), −44.7 – 43.2 mL (relCBF), −42.5 – 41.6 mL
(relCBV), −34.5 – 48.2 mL (CBV tracing). For small
(<25 mL) core volumes all CTP measures showed min-
imal differences in comparison to DWI. However as
DWI volume increased, CTP threshold parameters
tended to underestimate infarct core volume. There
were no significant differences in baseline infarct core
volume estimation between patients with and without
recanalization.
Thirty one patients underwent DWI within 4 h of
CTP (acute DWI) whereas 29 received delayed DWI
(>4 h). Median time to DWI after CTP for acute and de-
layed groups was 1.2 (IQR 0.6-2.7) hours and 15.4 (IQR
8.0-24.9) hours, respectively. There was no significant
difference in time from stroke onset to initial CTP be-
tween the two groups. Mean core infarct volumes and
CTP/DWI differences for the two groups are displayed
in Table 4. No significant sensitivity and specificity dif-
ferences when comparing early versus late DWI within
each CTP technique (Table 2). Compared to early DWI
only CBV tracing significantly overestimated infarct core
(p = 0.039). Compared to delayed DWI no significant dif-
ferences for any CTP parameter and DWI was observed.
When dichotomizing patients by CTP acquisition time
(<60s, n = 19 vs. ≥60s, n = 41), CBV tracing on shorter
acquisition time data, trended to DWI overestimation
compared to the ≥60s group (13.0 mL vs. 3.6 mL; p =
0.07).
The inter-modality agreement for 25 mL and 70 mL is
presented in Table 5. rCBF threshold demonstrated the
best agreement for 25 mL (κ = 0.610) while rCBV and
CBV tracing showed moderate agreement. AbsCBF and
AbsCBV thresholds demonstrated fair agreement. Dis-
cordance was due to a CTP overestimation of core in-
farct compared to DWI. Similarly for 70 mL rCBF
threshold demonstrated a substantial agreement while
all other CTP parameters demonstrated moderate agree-
ment (Table 5). While CTP threshold parameters had
minimal overestimation (1 case), there were 4 (7 %)
cases where CTP CBV tracing overestimated infarct core
at the critical volume.
Discussion
The strength of the present study is the application of
previously determined thresholds from a large stroke
population to data from three different stroke institu-
tions utilizing different imaging protocols [18]. This ap-
proach undoubtedly diminishes performance for infarct
volume determination compared to other studies where
thresholds were optimized to study-specific patient co-
horts [1, 4, 18]. Nevertheless, our results indicate close
agreement with DWI volumes. rCBF demonstrates the
highest agreement whereas traced CBV overestimates in-
farct volume particularly where scan duration is <60 s.
CBV tracing demonstrated the highest volumetric cor-
relation to DWI, but significantly overestimate infarct
core. To understand this overestimation, patients were
dichotomized by length of CTP acquisition to assess the
influence of truncation [15, 22]. Our results show that
CTP acquisitions with acquisition times <60s overesti-
mate infarct core due to underestimation of true CBV
values. CBV underestimation due to TDC truncation is
important and the need for longer CTP acquisitions that
capture more of the venous phase is recently highlighted
[15]. Sanelli et al. demonstrated that premature TDC cut
off resulted in higher CBF and lower CBV values within
the infarct core [23]. This artifact remains a significant
cause of infarct volume overestimation and TDC should
routinely be reviewed for adequate TDC coverage prior
to CTP CBV analysis or interpretation.
An underestimation of infarct core at higher DWI vol-
umes is attributed to the limited coverage of CTP com-
pared to DWI with extension of infarcted tissue beyond
the imaged CTP slices. This could be an important
Table 2 Overall, acute (CTP-DWI≤ 4 h) and delayed (CTP-DWI > 4 h) mean sensitivities (SE), specificities (SP), and accuracies (ACC)
for each CTP parameter (left to right) when compared spatially with DWI on a voxel by voxel basis
Overall (n = 60) ≤4 h (n = 31) >4 h (n = 29)
Parameter SE SP ACC SE SP ACC SE SP ACC
AbsCBF 50 % 68 % 54 % 49 % 69 % 47 % 51 % 66 % 62 %
AbsCBV 56 % 64 % 53 %¥ 54 % 68 % 45 % 58 %€ 61 % 61 %
rCBF 48 %*§ 71 % 57 % 52 % 68 % 49 % 44 %€ 73 % 67 %
rCBV 54 %* 67 % 57 % 57 % 67 % 49 % 50 % 67 % 66 %
CBV Tracing 61 %§ 70 % 60 %¥ 65 % 67 % 48 % 56 % 74 % 72 %
Values with the same superscript symbol demonstrate a significant difference between parameters (p < 0.05)
Table 3 Volumetric mean for predicted infarct core in all CTP
parameters and their difference to DWI
Parameter Mean (mL) CTP-DWI difference (mL) p-value
AbsCBF 24.6 ± 20.6 0.11 0.970
AbsCBV 24.9 ± 20.5 0.46 0.879
rCBF 23.7 ± 20.9 −0.76 0.789
rCBV 24.0 ± 21.6 −0.44 0.873
CBV Tracing 31.3 ± 33.6 6.81 0.017





Fig. 2 Bland-Altman plots for all CTP parameters average volumetric agreement between CTP and DWI. a absCBF, (b) absCBV, (c) relCBF, (d)
relCBV, e. CBV tracing. Solid lines demonstrate the mean difference between CTP and DWI infarct core volumes. Dotted lines represent one
standard deviation above and below the mean difference
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limitation of CTP if the volume approximates an upper
threshold where treatment may be of no benefit, but is
easily addressed by extended coverage techniques such
as table toggle, tandem CTP techniques or full brain
coverage with 320 slice scanners [24, 25]. Increased dose
concerns may be addressed by imaging at 50 mA rather
than 100mAs, nulling any increased radiation dose by
halving MA and doubling spatial coverage [26]. CTP
(2.5 mSV) contributes approximately 30 % of total CT
Stroke protocol dose (6.1 mSv) with CTA an equal con-
tributor (2.4 mSV). Differences between CTP and early
or late DWI demonstrated significant differences only
for CBV tracing. Differences reduced over time reflect-
ing infarct evolution on later DWI offsetting the effect
of baseline CBV overestimation.
Clinical importance of volume disagreement using
critical thresholds demonstrated moderate to substantial
intermodality agreement. Threshold selection was based
on data from EXTEND, DEFUSE, and Yoo et al. [8–12].
At the critical volume of 25 mL, all CTP parameters
demonstrated similar false-negative underestimation of
core infarct compared to DWI. However, AbsCBF,
AbsCBV, and rCBV demonstrated higher false-positive
overestimation for true core infarct compared to rCBF
and CBV tracing. rCBF demonstrated relatively low
over- and under-estimation and the best inter-modality
agreement. Using 70 mL, CBV tracing demonstrated a
higher false-positive overestimation of infarct core
compared to DWI than other CTP parameters. Highest
agreement was demonstrated for rCBF. At both critical
volumes, rCBF displayed the best agreement, reinforcing
the utility of this measure for infarct core determination
[4]. It is notable that this parameter has been identified
as the best predictor of infarct core by a number of stud-
ies irrespective of post-processing technique or particu-
lar threshold used [4, 16, 18]. rCBF is also recently used
to defined core in EXTEND-IA [11] Our results vary
from a recent publication that showed larger confidence
intervals for DWI versus CBF and CBV differences [27].
That study employed a non-traditional approach to CTP
map by applying a threshold relative to the thalamus
and not accounting for threshold differences between
gray and white matter - likely contributed to their wider
confidence intervals.
Limitations of this study include small sample size,
due to the restrictive entry criteria, limiting the power to
detect potential small differences in infarct volumes be-
tween modalities. A small percentage of our patient co-
hort demonstrated infarct core volumes exceeding
70 mL highlighting a limitation for this threshold, how-
ever new data suggests that a 25 mL core volume may
be a better threshold. Retrospective analysis limited this
study due to variation in DWI time, however the median
time to DWI was approximately 1 h. CBV and DWI vol-
umes were manually traced without testing the intra-
observer agreement of this measurement. This could
Table 5 Patient misclassification using 25 mL and 70 mL (EXTEND criteria) as the critical infarct volume
DWI DWI
≤25 mL >25 mL Kappa ≤70 mL >70 mL Kappa
AbsCBF ≤25 mL 29 6 0.439 ≤70 mL 57 2 0.487
>25 mL 10 15 >70 mL 0 1
AbsCBV ≤25 mL 27 5 0.422 ≤70 mL 57 2
>25 mL 12 15 >70 mL 0 1 0.487
rCBF ≤25 mL 32 4 0.610 ≤70 mL 56 1
>25 mL 7 17 >70 mL 1 2 0.649
rCBV ≤25 mL 29 3 0.558 ≤70 mL 57 2
>25 mL 10 18 >70 mL 0 1 0.487
CBV Tracing ≤25 mL 31 4 0.579 ≤70 mL 53 1
>25 mL 8 17 >70 mL 4 2 0.405
Table 4 Predicted mean core infarct volumes and the mean difference between CTP and DWI for acute and delayed MRI follow up
≤4 h >4 h
Parameter Mean (mL) CTP-DWI difference (mL) Correlation to DWI Mean (mL) CTP-DWI difference (mL) Correlation to DWI
AbsCBF 26.5 0.76 ± 47.9 0.516 22.6 −0.55 ± 50.2 0.765
AbsCBV 25.6 −0.10 ± 44.1 0.603 24.1 1.03 ± 49.7 0.770
rCBF 27.5 1.73 ± 39.2 0.705 19.8 −3.33 ± 48.8 0.794
rCBV 26.8 1.05 ± 37.4 0.738 21.2 −1.97 ± 47.1 0.800
CBV Tracing 35.9 10.2 ± 48.6 0.634 26.4 3.31 ± 30.3 0.918
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potentially introduce a margin of error into the measure-
ments and their correlation with perfusion parameters.
Finally, thresholds used in the current paper represent
validated thresholds utilizing the image processing tech-
niques described. We eliminated variability due to differ-
ent post processing techniques by using the same
pipeline for all studies. Similar results may not be ob-
tained with other vendors’ post processing techniques.
Conclusion
In conclusion, our study demonstrates close approxima-
tion of DWI-derived infarct volume assessment with
multiple CTP parameters, especially rCBF. Infarct over-
estimation is greatest for CBV tracing likely attributable
to CBV underestimation from technical factors relating
to short CTP acquisition times.
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